Morpho-functional patterns are important drivers of phenotypic diversity given their importance in a fitnessrelated context. Although modularity of the mandible and skull has been studied extensively in mammals, few studies have explored shape co-variation between these two structures. Despite being developmentally independent, the skull and mandible form a functionally integrated unit. In the present paper we use 3D surface geometric morphometric methods allowing us to explore the form of both skull and mandible in its 3D complexity using the greater white-toothed shrew as a model. This approach allows an accurate 3D description of zones devoid of anatomical landmarks that are functionally important. Two-block partial least-squares approaches were used to describe the co-variation of form between skull and mandible. Moreover, a 3D biomechanical model was used to explore the functional consequences of the observed patterns of co-variation. Our results show the efficiency of the method in investigations of complex morpho-functional patterns. Indeed, the description of shape co-variation between the skull and the mandible highlighted the location and the intensity of their functional relationships through the jaw adductor muscles linking these two structures. Our results also demonstrated that shape co-variation in form between the skull and mandible has direct functional consequences on the recruitment of muscles during biting.
Introduction
Functional morphology plays a central role in evolutionary biology as performances issued from morpho-functional patterns have direct consequences on fitness (Arnold, 1983; Breuker et al. 2006) . Indeed, form-function relationships are under natural selection and highlight the evolutionary processes driving variation in fitness. Yet, the integrated nature of many functional systems makes them resistant to change as selection on one component of the system will have consequences (positive or negative) on the other components that are part of the same system (Wake & Roth, 1989) . Modularity has been proposed to be an important means to reconcile the demands of natural selection on locally optimal phenotypes with modularity breaking part of the integration often observed at higher organisational levels (Wagner et al. 2007; Young & Badyaev, 2007 . Modularity is defined by anatomical areas whose morphological traits co-vary more themselves than with those from other areas. Here, we focus on the functional integration between a set of traits serving a common function.
Few studies have explored the co-variation between skull and mandible (Hautier et al. 2012) , despite the fact that these structures form a single functional unit (D€ otsch, 1994; Schwenk, 2000) albeit having distinct developmental origins. Given that coordinated jaw movements are important in a wide variety of ecologically pertinent behaviours (Schwenk, 2000) , selection likely operates on the co-variance between both structures rather than on each structure in isolation. Consequently, shape variation of the mandible should be translated into complementary shape variation at the level of the skull for those zones involved in biting and mastication. Here, we aim to describe shape co-variation in the skull and mandible using 3D surface geometric morphometric tools using a small insectivorous mammal (Crocidura russula) as a model system. Shrews are an interesting mode because their skull structure is complex due to the loss of the zygomatic arch and the associated muscular rearrangement (Gasc, 1963) . Moreover, the form of the condylar process with its double articulation and the non-fused hemi-mandibles allow significant lateral movement during chewing (D€ otsch, 1985, 1994) . In addition, the mandibles of shrews have a delayed ossification, which allows an extensive reshaping of the bone after birth (Young & Badyaev, 2010) . These anatomical features highlight the complexity of the system and beg the question of whether variation in shape in the skull and mandible is associated with variation in function. As such, shrews offer a good model for functionalmorphological studies trying to link variation in shape to variation in function.
Whereas most studies on shrews exploring questions of modularity or shape variation have used 2D approaches (Sar a, 1996; Badyaev et al. 2005; Cornette et al. 2012 ) typically involving only a limited number of landmarks, we here use explicit 3D surface geometric morphometric methods to quantify shape variation. Given the complexity of the skull and mandible and the 3D nature of the structures and associated movements, 2D approaches can only provide a partial description of the existing variation in shape and function. The lack of shape descriptors when using traditional anatomical landmarks is particularly noticeable for the coronoid or angular processes that are typically described by two or a single 2D landmark (Sar a, 1996; Badyaev et al. 2005; Cornette et al. 2012 ). Yet, these processes most likely show the strongest co-variation between skull and mandible as they are the insertion sites for the adductor muscles physically linking these two structures.
This study aims to explore the functional consequences of shape co-variation in the skull and mandible of continental and insular shrews known to differ in shape (Cornette et al. 2012) . To do so we couple 3D surface geometric morphometrics and two-block partial least-squares approach (PLS; Rohlf & Corti, 2000) exploring the co-variation in form between the mandible and the upper part of the skull with 3D biomechanical models to evaluate the functional consequences of the observed co-variation in skull and mandibular shape.
Materials and methods
The greater white-toothed shrew (Fig. 1a) , Crocidura russula, is a common shrew occurring in most of Western Europe, the Maghreb and many Atlantic and Mediterranean islands (Wilson & Reeder, 2005) . This species is a generalist predator consuming a wide variety of invertebrate prey differing dramatically in size (Churchfield, 1990; Fig. 1b) . Twelve specimens of Crocidura russula from five different populations were selected for this study and extracted from Barn Owl (Tyto alba) pellets. These populations were chosen as they represent a wide variety of cranial morphologies and range from continental to insular ecosystems (Cornette et al. 2012) . The continental individuals came from Clermont-Ferrand (n = 3); the insular ones from Tom e (n = 4), Groix (n = 1) and Mol ene (n = 3). The 12th and last individual came from Sardinia and belongs to a closely related species, Crocidura ichnusae. All specimens were lCT-scanned at a resolution of 20 lm, using a GE Locus lCT (voxel size of 0.02005) and segmented using Avizo (VSG, Burlington, MA, USA).
Geometric morphometrics
The use of 3D geometric morphometrics using sliding-landmarks presents two distinct advantages. First, it allows the description of the shape of biological objects possessing few or no anatomical landmarks. Second, it allows the use of a high density of landmarks covering a surface, thus providing a precise and quantitative description of the form of an object (Gunz et al. 2005; Mitteroecker & Gunz, 2009) . These characteristics of the method make it particularly well adapted for functional approaches that need high-quality and accurate descriptors of anatomical shape to quantify complex structures of biomechanical relevance.
Two different templates were constructed to describe shape variation in the skull and mandible (Fig. 1c,d ). The skull template was constructed geometrically using polygonal modelling software (Souter et al. 2010) , and is composed of 996 3D landmarks, 39 anatomical landmarks, 157 3D sliding-landmarks on curves and 800 3D sliding-landmarks on the surface of the skull. The hemi-mandible template was constructed differently due to its asymmetry, and consequently 982 3D landmarks were placed directly on a lCT-scan of the left hemi-mandible. This second template is composed of 982 landmarks, 20 anatomical landmarks, 125 3D sliding-landmarks on curves and 837 3D sliding-landmarks on the surface. The description of anatomical landmarks and curves is listed in Table 1 .
All anatomical 3D landmarks and 3D curves were manually registered using Landmark (Wiley et al. 2005) . Sliding-landmarks were allowed to slide on 3D curves or surfaces while minimizing the bending energy between the template and the object to measure using thin plate splines implemented in Edgewarp (Bookstein & Green, 2002) . Next, warped landmarks were exported to R (R Devel- , and the Rmorph library (Baylac, 2012) was used to perform a general Procrustes analysis (GPA) on the data for both skulls and mandibles (Rohlf & Slice, 1990) .
Two-block PLS implemented in the Rmorph library (Baylac, 2012 ) were used to quantify and visualise shape co-variation between the skull and mandible using pairs of orthogonal vectors of each element (Rohlf & Corti, 2000) . Here vectors were calculated on the co-variance matrices of the 3D Procrustes coordinates of the skull and the left hemi-mandible of the same individual. These approaches as well as principal component analyses (PCAs) are insensitive to the number of landmarks used relative to the number of specimens (Gunz & Mitteroecker, 2013) , and thus ideally suited in the context of the present study. To visualise shape co-variation between these two functional units, we reconstructed surfaces (Fig. 2) using the ball-pivoting algorithm (Bernardini et al. 1999) implemented in MeshLab (Visual Computing Lab -ISTI-CNR, http:// meshlab.source.forge/). These surfaces were reconstructed with both landmark configurations of extreme shapes from PLS axes and the consensus (i.e. average shape). Differences between the extreme shapes and the consensus surface were constructed using surface and vector-based representations in Avizo (VSG).
Bite models
To evaluate the functional consequences of the observed shape co-variation in our data set we constructed static bite models ( Fig. 3 ; Herrel et al. 1998 Herrel et al. , 2008 based on the geometries retrieved from the PLS analyses contrasting the extreme shapes along the first PLS axis (Fig. 2) . Input data were based on dissections of a Crocidura russula, and consisted of the 3D coordinates of muscle origins and insertions derived from the different geometries along the first PLS axis, the coordinates of a bite point at the first molar, and muscle cross-sectional areas for all adductor muscles directly derived from the dissection. Cross-sectional areas were based on muscle mass and fibre lengths measured through nitric acid digestion (Loeb & Gans, 1986) , and assumed a muscle density of 1.06 g cm À3 (Mendez & Keys, 1960) . Size variation was eliminated from the analyses and input forces were identical for each shape such that output data in terms of the magnitude of the bite and joint forces and the orientation of the joint reaction forces are dependent on shape variation only. Finally, models were run at two different gape angles (20 º and 60°) to explore effects of shape co-variation on the ability of animals to bite at different gape angles (Fig. 1b) .
In order to integrate the functional and morphometric data, a PCA was performed on output of the bite models including the fractional participation to biting of the m. temporalis, the m. mas- seter, the m. temporalis pars suprazygomatica, the m. pterygoideus, bite forces at the first molar, and the joint reaction forces at jaw opening angles of 20 º and 60°.
Results

PLS
The first PLS axis (52% of total shape co-variation) shows that the most important regions of shape co-variation are situated in the coronoid and angular processes, the ascending branch of the mandible and the parietal bones of the skull (Figs 4-7) . Others zones like the articular condyle, the glenoid fossae, as well as the pre-maxillary or molar and incisor regions also co-vary markedly. On the negative part of the PLS axis ( Figs 5 and 7) , a slender and backward oriented coronoid process is associated with a small and flattened brain case and a proportionally longer rostrum. At the opposite end of this PLS axis are situated mandibles Coloured consensus surface using the intensity of vectors of shape co-variation concerning the shape co-variation between the skull and the mandible corresponding to the negative part of the PLS axis. In red, anatomical regions with the highest shape co-variation, in dark blue anatomical regions with the lowest shape co-variation.
Fig. 4
Anatomical location and intensity of shape co-variation. Coloured consensus surface using the intensity of vectors of shape co-variation concerning the shape co-variation between the skull and the mandible corresponding to the positive part of the PLS axis. In red, anatomical regions with the highest shape co-variation, in dark blue anatomical regions with the lowest shape co-variation. with a robust and square coronoid process, and a large and rounded brain case (Figs 4 and 6) . The angular process is also more robust and the angle of the mandibular notch for specimens falling on the positive side of this axis.
Functional consequences
To explore the functional consequences of shape co-variation we ran mechanical models (Herrel et al. 2008) . The output of the models was summarised using a PCA ( Fig. 8 ; Table 2 ). The two-first axes of the PCA explain 99% of the total variance. The first axis (91%) is mainly determined by variation in joint force, bite force and the relative participation of the m. temporalis, the m. pterygoideus and the m. masseter in the total bite force. The second axis (8%) is mainly explained by variation in the participation of the pars suprazygomatica of the temporalis muscle and the fractional participation of the m. masseter in the overall bite force.
The PCA distinguishes biting at different gape angles, with bites at a low gape angle being situated towards the positive side of PC1 and bites at a high gape angle situated along the negative side of this axis (Fig. 8) . This indicates that bites at a low gape angle are associated with relatively low joint and bite forces, a low contribution of the m. temporalis, and a high contribution of the m. pterygoideus and the m. masseter to bite force. The second axis separates biting at high gape for the shape associated with the positive side of the PLS axis and biting at low gape for shapes situated towards the negative side of the first PLS from biting at low gape of shapes along the positive side of the first PLS axis and biting at high gape for shapes along the negative side of the first PLS axis. Thus, whereas extreme shapes on the positive side of the first PLS are characterised by a low participation of the m. temporalis pars suprazygomatica and high participation of the m. masseter to bite force at low gape, the extreme shapes of the skull and mandible on the negative side of the first PLS are characterised by a greater participation of the m. temporalis pars suprazygomatica, yet a low participation of the m. masseter at low gape (Fig. 8) .
Discussion
Methodological advantages
Our approach mixing a 3D accurate shape description combined with a 3D biomechanical model permitted a better understanding of the complexity of the masticatory apparatus of the greater white-toothed shrew. The use of 3D sliding-landmarks on surfaces allowed us to use a large number of landmarks situated in anatomical regions devoid of anatomical landmarks but possessing essential functional information. The reconstruction of surfaces along the extremes of the PLS axis and their use as input for a biomechanical model was only possible because of the high density of 3D landmarks. In addition, this approach is defined within a theoretical framework particularly well adapted for functional-morphological studies due to the use of bending energy as our criterion to obtain spatial homology of our sliding-landmarks on surfaces.
These results should be interpreted with some caution relative to the evolutionary or ecological context of the species given the small number of specimens used. However, the approaches used here (e.g. PLS) are insensitive to Fig. 8 PCA performed on six functional variables. Functional variables were calculated for two different gape angles 20 º and 60°, black and white characters, respectively. The functional data are calculated using the shapes representing the extremes of the first PLS axes, grey ovals. A graphic representation of the co-variation in shape between skull and mandible has been shown (bottom right) illustrating the consequences of variation in shape on variation in function. In dark grey, the positive part of the PLS axis, in pale grey the negative one. the large number of landmarks used relative to the number of specimens (Gunz & Mitteroecker, 2013) , and as such the results linking shape variation to function are robust. Although the method is powerful in its ability to describe shape variation, it remains relatively time consuming. Nevertheless, we believe that this analytical framework is promising for future studies aimed at linking variation in shape with variation in function.
Shape co-variation
The surface geometric morphometric analysis allowed us to precisely quantify the extent and nature of the variable regions in the skull and mandible. For the mandible, the coronoid process, which serves as the attachment site of the temporalis muscle, is the most variable. The angular process and the articular condyle also vary significantly, which may be related to the development of the masseter muscle and the complex masticatory movements in shrews involving independent movements of both hemi-mandibles (Gasc, 1963; Badyaev & Foresman, 2004) . The alveolar part of the pre-molars is also characterised by a marked variation in our sample. The alveolar region of the molars, in contrast, appears quite constrained and shows less variation. The different functional roles of these teeth may be explained by the different constraints on their form in relation to diet, as has been demonstrated previously for bats (Freeman, 1998) and carnivores (Van Valkenburgh, 2007) . For the skull, the braincase appears to be the most variable zone with its shape varying from flat to globular. As observed for the mandible, the most variable zone of the braincase concerns the attachment site of the temporalis muscle. The shapes of the two dental alveolar regions change independently, varying in width, length and thickness. These changes are potentially also driven by functional constraints associated with diet. Across our sample, variation in cranial shape was associated with variation in mandibular shape. Zones co-varying most were restricted largely to muscle insertion areas suggesting a functional origin of this shape co-variation. This result is intuitively appealing given that the muscles form the direct link between these two elements with independent developmental origins.
Functional consequences of shape co-variation
The patterns of shape co-variation representing the two extremes along the first PLS had clear functional consequences. Moreover, these different patterns of shape co-variation had distinct functional implications when simulating biting at different gape angles. The first PC axis summarising our model output clearly represents effects of gape on jaw function independent of shape co-variation. As expected, biting at low gape was associated with lower bite force, yet also lower joint forces. Moreover, the participation of the masseter and pterygoideus muscles to the overall bite force was greater at low gape. The second PC, however, showed clear different functional consequences of the shape co-variation observed in our sample with the pars suprazygomatica of the m. temporalis being proportionally more involved in bite force generation at low gape for shapes associated with the negative side of the first PLS. This suggests that the selective forces operating on the shape and function of the feeding system in shrews living in ecologically distinct conditions (i.e. islands of different size and distance to the mainland) may be different. Yet this needs to be explored further using a larger sample incorporating a wider range of specimens from different populations.
Conclusions
In summary, the co-variation between the skull and mandible in Crocidura russula is dominated by the variation in attachment sites of the temporalis muscle, which has a clear and significant effect on the mechanics of biting. Interestingly, the observed shape co-variation has striking functional consequences at the level of the participation of cranial muscles to bite force as highlighted by our 3D approaches. Future studies including larger numbers of specimens describing shape co-variation would be needed to test the generality of our results. Finally, ecological data are needed to place the observed patterns in an evolutionary context as they allow a better understanding of the selective pressures operating on the feeding system in different populations.
